Ischemic tolerance decreases with aging, and the cardioprotective effect of ischemic preconditioning (IPC) is impaired in middle-aged animals. We have demonstrated that short-term caloric restriction (CR) improves myocardial ischemic tolerance in young and old animals via the activation of adiponectin-AMP-activated protein kinase (AMPK)-mediated signaling. However, it is unknown whether prolonged CR confers cardioprotection in a similar manner. Furthermore, little is known regarding the myocardial expression of silent information regulator 1 (Sirt1; which reportedly mediates various aspects of the CR response) with prolonged CR. Thus, 6-mo-old male Fischer-344 rats were randomly divided into ad libitum (AL) and CR groups. Six months later, isolated perfused hearts were subjected to 25 min of global ischemia followed by 120 min of reperfusion with or without IPC. CR improved the recovery of left ventricular function and reduced infarct size after ischemiareperfusion and restored the IPC effect. Serum adiponectin levels increased, but myocardial levels of total and phosphorylated AMPK did not change with prolonged CR. Total levels of Sirt1 did not change with CR; however, in the nuclear fraction, CR significantly increased Sirt1 and decreased acetyl-histone H3. Eleven rats from each group were given N-nitro-L-arginine methyl ester in their drinking water for 4 wk before death. In these hearts, chronic inhibition of nitric oxide synthase prevented the increase in nuclear Sirt1 content by CR and abrogated CR-induced cardioprotection. These results demonstrate that 1) prolonged CR improves myocardial ischemic tolerance and restores the IPC effect in middle-aged rats and 2) CR-induced cardioprotection is associated with a nitric oxidedependent increase in nuclear Sirt1 content. aging; myocardial ischemia; nutrition; preconditioning; reperfusion injury; silent information regulator 1
aging; myocardial ischemia; nutrition; preconditioning; reperfusion injury; silent information regulator 1 SEVERAL CLINICAL STUDIES have demonstrated that morbidity and mortality after myocardial infarction are higher in the elderly (9, 31) . Hearts from senescent animals are more susceptible to ischemia than those from young animals (7, 20, 45) . Recently, a number of investigators have demonstrated that the cardioprotective effect of ischemic preconditioning (IPC) is impaired in aged animals (1, 2, 28, 40, 46) . Aging also loses the cardioprotection afforded by postconditioning (8) . Both the increased susceptibility to ischemia and loss of IPC/postconditioning in aged hearts might reflect a generalized deterioration in the innate adaptive response of tissues against various stresses with aging. Therefore, discovering novel interventions that improve ischemic tolerance and/or restore the cardioprotective effect of IPC/postconditioning in the aged heart would have considerable clinical implications.
Caloric restriction (CR) has been widely investigated as a powerful intervention that can prevent and reverse senescent changes (25, 32, 48) . Increasing evidence has demonstrated that lifelong CR profoundly affects the physiological and pathophysiological alterations associated with aging and markedly increases lifespan in several species including mammals (25, 32, 48) . We have demonstrated that short-term CR (4 wk) confers cardioprotection in both young and aged rat hearts and that, in both cases, the protection is independent of the opening of ATP-sensitive K ϩ channels (42) . Using adiponectin antisense transgenic mice, we have shown that the increase in circulating adiponectin levels, especially in the high-molecular-weight form of adiponectin, is necessary for the cardioprotective effects of short-term CR (43) . We have also found that subsequent activation of AMP-activated protein kinase (AMPK) plays an obligatory role in this cardioprotection.
However, fundamental questions pertaining to CR remain unresolved. Specifically, first, is the protective effect of CR against myocardial ischemia-reperfusion injury sustained over the long term? And, second, if so, what mechanisms are involved? Although short-term CR has been found to be protective, the effects of prolonged CR on myocardial ischemia-reperfusion injury are unknown. Furthermore, the mechanism by which life-long CR attenuates the physiological and pathophysiological alterations associated with aging and increases both the average and maximal lifespan has not been fully clarified. In the past decade, silent information regulator 2 (Sir2; a longevity gene) has been reported to mediate lifespan extension by CR in lower organisms such as Caenorhabditis elegans (16, 34, 49) . In addition, increasing evidence indicates that mammalian sirtuins (the mammalian orthologs of Sir2) regulate various aspects of the CR response, namely, glucose homeostasis, insulin secretion, fat metabolism, stress resistance, and physical activity. Sirt1, one of the mammalian orthologs of Sir2, is a NAD-dependent deacetylase and prevents apoptosis in cardiac myocytes (6) . Several investigations have suggested that sirtuin-activating compounds, such as resveratrol, have great potential as a novel therapeutic approach to attenuate myocardial ischemia-reperfusion injury (13, 24, 26) . However, little is known regarding the myocardial expression of Sirt1 with aging and prolonged CR. Furthermore, evidence that Sirt1 plays a role in the cardioprotection afforded by prolonged CR is still lacking.
In the present study, we subjected 6-mo-old rats to 6 mo of CR (prolonged CR) to address the following questions: 1) whether prolonged CR improves myocardial ischemic tolerance and restores the development of IPC in middle-aged rats, 2) whether adiponectin-AMPK signaling is activated in middle-aged rat hearts subjected to prolonged CR, 3) whether prolonged CR affects the myocardial expression of Sirt1, and 4) whether the change in the subcellular localization of Sirt1 is associated with the cardioprotection afforded by prolonged CR. Our results demonstrate, for the first time, the cardioprotective effect of prolonged CR in ischemia-reperfusion injury.
METHODS
All procedures in the present study conformed to principles outlined in the National Institutes of Health Guide for the Care CR protocols. Male Fischer-344 rats of 24 wk old of age were obtained from Charles River Japan. Rats were housed in individual cages according to institutional protocols at the Keio University Experimental Animal Center and fed ad libitum (AL) for 2 wk with modified semipurified diet A (Oriental Yeast, Tokyo, Japan). The average caloric intake was calculated from the daily food intake over 2 wk. After being weaned, 26-wk-old rats were randomly divided into two groups: AL rats continued to be fed AL using control diet A for the next 26 wk, whereas CR rats were fed with 90% of the average value of caloric intake during the AL period for 2 wk (10% restriction) followed by 65% of that for 24 wk (35% restriction) using modified semipurified diets B and C, respectively, which were enriched in vitamins and minerals. Thus, the daily intake of vitamins and minerals was constant during the CR period. A total of 44 rats were assigned to the AL and CR groups (n ϭ 32 rats/group).
Langendorff perfusion of hearts. Rats of 52 wk of age were anesthetized with an intraperitoneal injection of pentobarbital sodium (40 mg/kg). Hearts were excised quickly and perfused with modified Krebs-Henseleit buffer gassed with 95% O 2-5% CO2 at 37°C according to the Langendorff procedure (42, 45, 46) . The coronary perfusion pressure was maintained at 70 mmHg.
Measurements of left ventricular function. A plastic catheter with a latex balloon was inserted into the left ventricle (LV) through the left atrium. Before the induction of ischemia, hearts were paced at 5 Hz, and the LV end-diastolic pressure (LVEDP) was adjusted to 10 mmHg by filling the balloon with water. Pacing was turned off during global ischemia and turned on 10, 20, and 30 min after reperfusion to measure the recovery of LV function. Indexes of LV function [LV systolic pressure (LVSP); LV developed pressure (LVDP; equal to LVSP Ϫ LVEDP); and LV peak positive and negative dP/dt] were recorded as previously described (42, 45, 46) .
Ischemia-reperfusion injury and IPC. All hearts underwent 10 min of washout perfusion in nonrecirculating mode followed by 10 min of initial perfusion in recirculating mode. Isolated perfused hearts from the AL or CR group were then subjected to 25 min of global ischemia followed by 30 min of reperfusion (n ϭ 6 each) without IPC. In the second series of the experiments, IPC was induced with three cycles of 5-min global ischemia and 5-min reperfusion before 25 min of global ischemia (n ϭ 4 each). The perfusate was collected at the end of reperfusion, and total lactate dehydrogenase (LDH) and creatine kinase (CK) activity released into the perfusate was measured by standard enzymatic methods (and expressed as IU/g wet wt of the ventricle). In the third series of the experiments, hearts were subjected to 25 min of ischemia followed by 120 min of reperfusion with or without IPC. Infarct size was identified by triphenyltetrazolium chloride staining and quantitated as previously described (43, 44) .
Measurement of serum adiponectin levels. Rats were fasted overnight, and blood samples were collected from the chest cavity when the hearts were excised. Serum adiponectin levels were measured using commercially available ELISA kits (Otsuka Pharmaceutical Laboratories, Tokyo, Japan).
Tissue sample preparation. Four hears from each group were used for Western immunoblot analysis. Rats were anesthetised with an overdose of pentobarbital sodium (40 mg/kg). After a state of deep anesthesia had been reached, rats were intubated and ventilated with 100% O2. This procedure avoids artifactual activation of AMPK due to postanesthesia respiratory depression. The heart was then quickly excised, and the LV was stored at Ϫ140°C until use. Tissue samples were prepared as previously described (42) (43) (44) . For the assessment of the subcellular distribution of Sirt1 protein and cytochrome c, cytosolic and nuclear fractions or cytosolic and mitochondrial fractions were prepared according to the manufacturer's instructions.
Western immunoblot analysis. Standard SDS-PAGE Western immunoblot techniques were used to assess the protein levels of AMPK, phosphorylated AMPK-␣ at the Thr 172 residue, acetyl-CoA carboxylase (ACC), phosphorylated ACC at the Ser 79 residue, Sirt1, acetylhistone H3 (diacetylated at Lys 9 and Lys 14 ), and cytochrome c as previously described (42) (43) (44) . Levels of phosphorylated AMPK-␣ and phosphorylated ACC were normalized to the total levels of AMPK and ACC in each sample. Cytochrome c release into the cytosol was normalized to the expression levels of GAPDH in each sample. Protein levels of Sirt1 and acetyl-histone H3 were expressed as percentages of the corresponding value in the AL group. Polyclonal antibodies against AMPK, phosphorylated AMPK-␣ at the Thr 172 residue, ACC, phosphorylated ACC at the Ser 79 residue, and cytochrome c were purchased from Cell Signaling (Beverly, MA). Polyclonal antibodies against Sirt1, acetyl-histone H3, and p300 were purchased from Upstate (Lake Placid, NY). Polyclonal antibodies against GAPDH were purchased from Chemicon (Temecula, CA).
Measurement of caspase-3 activity. Caspase-3 activity in the cytosolic fraction was measured using commercially available colorimetric assay kits (R&D Systems, Mineapolis, MN).
Effect of chronic nitric oxide synthase inhibition. Eleven rats from each group were given N-nitro-L-arginine methyl ester (L-NAME) in their drinking water (200 mg/l) for 4 wk before being killed (AL ϩ L-NAME and CR ϩ L-NAME groups). During L-NAME treatment, the CR protocol was continued, and the average dosage of L-NAME was estimated to be ϳ15 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 . This dose of L-NAME was chosen according to previous reports in which near-maximal inhibition of nitric oxide (NO) synthase (NOS) in the body was achieved (27, 41) . Four weeks later, isolated hearts were subjected to the same ischemia-reperfusion protocol (n ϭ 7 each). Four hearts from each group were immediately harvested for Western immunoblot analysis to assess total and subcellular Sirt1 protein levels as described above. In some rats, systemic blood pressure was measured by the tail-cuff method before death. Values are means Ϯ SE; n ϭ 14 rats in the ad libitum (AL) group and 14 rats in the caloric restriction (CR) group except for serum adiponectin levels, where n ϭ 8 rats in the AL group and 8 rats in the CR group. *P Ͻ 0.05 vs. the AL group.
Statistical analysis. Data are reported as means Ϯ SE. For intragroup comparisons, hemodynamic variables were analyzed by twoway ANOVA (time and group) followed by Scheffè's post hoc test. For intergroup comparisons, data were analyzed by two-way ANOVA (AL vs. CR, with or without IPC, and with or without L-NAME) followed by Scheffè's post hoc test. Western immunoblot data (except for Sirt1 with or without L-NAME) and caspase-3 activity were compared by an unpaired Student's t-test. P Ͻ 0.05 was defined as statistically significant. Statistical analyses were performed using Stat-View 5.0 software (SAS Institute, Cary, NC) for Windows.
RESULTS
Effects of CR on body weight, ventricular weight, and serum adiponectin levels. As a result of the random assignment of rats to the two groups, there were no differences in body weight at baseline between AL and CR groups ( Table 1) . No rats died during the observation period. Over the course of the study, body weights increased by 40% in the AL group and decreased by 1% in the CR group. Total ventricular weights (right ventricle and LV combined) were smaller in the CR group, but the ratios of total ventricular weight to body weight did not differ between the two groups ( Table 1) . Serum adiponection levels increased by 82% in the CR group (Table 1) . Effect of CR on ischemia-reperfusion injury and IPC. There were no differences in LV function at baseline between the two groups ( Table 2) . Compared with the corresponding AL group, CR improved the recovery of LVSP, the percent recovery of LVDP, and LV peak positive and negative dP/dt after reperfusion (Table 2) . CR also attenuated the elevation of LVEDP during reperfusion, although there were no differences between the two groups in the elevation of LVEDP at the end of ischemia (data not shown). In the AL group, IPC failed to improve the recovery of LV function after ischemia-reperfusion. In the CR group, IPC tended to improve the recovery of LVSP and the percent recovery of LVDP and attenuate the elevation of LVEDP during reperfusion, but the differences did not reach statistically significance (Table 2 ). This may be due, at least in part, to the near-complete recovery of function in the CR group without IPC.
CR significantly attenuated total CK and LDH release during reperfusion compared with the corresponding AL group (Fig. 1, A and B) . In the AL group, IPC failed to attenuate total CK and LDH release during reperfusion. In contrast, in the CR group, IPC further attenuated total CK and LDH release (Fig.  1, A and B) . Consistent with the results of LDH and CK release, CR significantly reduced infarct size compared with the corresponding AL group (Fig. 1, C and D) . In the AL group, IPC failed to reduce infarct size. In contrast, the IPC effect against myocardial infarction was restored in the CR group (Fig. 1, C and D) .
Western immunoblot analyses for AMPK, ACC, and Sirt1. Myocardial levels of both total AMPK protein and AMPK-␣ phosphorylated at the Thr 172 residue were similar between the two groups (Fig. 2) . This result differed from our previous finding that phosphorylated AMPK was significantly increased with short-term CR (43) . Similar to AMPK phosphorylation, myocardial levels of phosphorylated ACC at the Ser 79 residue did not differ between the two groups (Fig. 2) . Total myocardial levels of Sirt1 protein were similar between the two groups (Fig. 3, A and B) . Western immunoblots showing the expression of GAPDH (cytosolic marker) and p300 (nuclear marker) indicated that the contamination of the nuclear fraction with the cytosolic fraction was minimal (Fig. 3C ). Compared with 6-mo-old rats, in 12-mo-old rats, no changes in the expression levels of total Sirt1 and its subcellular distribution were observed in the AL group (Fig. 3, C and D) . However, CR significantly increased Sirt1 in the nuclear fraction. Furthermore, acetyl-histone H3 was significantly decreased with CR in the nuclear fraction, suggesting that increased Sirt1 protein is enzymatically active (Fig. 4, A and B) .
Cytochrome c release and caspase-3 activity. To evaluate the antiapoptotic effect of prolonged CR, we assessed cytochrome c release into the cytosol and caspase-3 activity in the cytosolic fraction. At baseline, cytochrome c was almost absent in the cytosolic fraction (Fig. 4, C and D) . Compared with the AL group, CR significantly attenuated the increase in cytochrome c release into the cytosol after ischemia-reperfusion. Caspase-3 activity in the cytosolic fraction dramatically increased after ischemia-reperfusion in the AL group (Fig. 4E) : CR significantly attenuated this increase to 37% of the AL group.
Effect of chronic NOS inhibition. The administration of L-NAME for 4 wk did not significantly change body weights or total ventricular weights in middle-aged rats (data not shown). Chronic inhibition of NOS significantly elevated systolic blood pressure in both groups to the same extent (Fig. 5A ). In the AL group, the administration of L-NAME did not affect Sirt1 in the nuclear fraction (Fig. 5 , B and C); in contrast, it prevented the CR-induced increase in nuclear Sirt1 (CR ϩ L-NAME group). There were no significant differences in LV function at baseline between groups with and without L-NAME treatment (Table 2 ). L-NAME did not affect the recovery of LV function or infarct size after ischemia-reperfusion in the AL group but completely abrogated CR-induced cardioprotection in the CR group (Table 2 and Fig. 5D ).
DISCUSSION
This study provides several major findings. In middle-aged rats, 1) prolonged (6 mo) CR improves the recovery of LV function and limits infarct size after ischemia-reperfusion, 2) prolonged CR also restores the protectve effects of IPC, 3) different mechanisms are involved in the cardioprotection afforded by short-term (4 wk) vs. prolonged (6 mo) CR, 4) the cardioprotection afforded by prolonged CR is associated with changes in the subcellular localization of Sirt1, and 5) NOS activity is necessary for the increase in nuclear Sirt1 content during prolonged CR.
Effect of CR on myocardial ischemia-reperfusion injury and IPC.
Most investigations have concluded that myocardial ischemic tolerance decreases with age (7, 20, 45) . In addition, several experimental and clinical investigations have addressed the issue of whether IPC occurs in aged hearts (1, 2, 28, 40, 46) . The efficacy of IPC has been reported to be decreased or lost in senescent patients (2, 28) and in aged animals (1, 40) . We have also found that myocardial ischemic tolerance begins to decrease and that IPC is impaired in middle-aged (12 mo old) rats (46) .
Mounting evidence has indicated that life-long CR improves not only aging-dependent but also aging-independent physiological responses to various stresses (25, 32, 48) . For instance, life-long CR significantly attenuates myocardial oxidative stress during ischemia-reperfusion and the postischemic inflammatory response (15) . Broderick et al. (14) reported that 8 mo of CR improves the recovery of aortic flow after ischemiareperfusion in isolated working rat hearts. Abete et al. (3) demonstrated that 12 mo of CR could restore the cardioprotective effect of IPC in 24-mo-old rat hearts; however, CR did not attenuate myocardial ischemia-reperfusion injury in itself. Long et al. (30) reported similar results in 10-mo-old rats treated with 6 mo of CR. In the present study, 6 mo of CR improved the recovery of LV function after ischemia-reperfusion and restored the IPC effect in 12-mo-old rat hearts (Table  1 and Fig. 1 ). Together with those of previous reports (3, 14, 30) , our results indicate the potential of nutritional interven- tions aimed at reversing cardiovascular aging. The effects of prolonged CR on postconditioning are unclear at present and need to be evaluated in the future.
Prolonged CR abrogates the activation of AMPK and ACC. The exact mechanism(s) by which CR counteracts the physiological deterioration in the innate adaptive response to ischemic stress has not been clarified. In the setting of short-term CR, we have established an essential role of the activation of adiponectin-AMPK signaling in CR-induced cardioprotection (43) . Adiponectin is one of the most abundant adipocytederived hormones (adipokines) and increases significantly with CR (42, 43) . AMPK plays an important role in regulating the energy balance in the myocardium; the activation of AMPK during ischemia-reperfusion can reduce ischemia-induced necrosis and apoptosis (23, 39) . The increase in the cellular AMP-to-ATP ratio is a major regulator of AMPK activity (23, 38) , but adiponectin has also been reported to activate AMPK (21, 38) . Most of the beneficial effects of adiponectin are reportedly mediated by AMPK-associated signaling (21) . CR might induce mild shortage of energy substrates. It seems reasonable to assume that short-term CR switches off ATPconsuming pathways and switches on ATP-generating pathways via the activation of the adiponectin-AMPK signaling pathway in the myocardium. In the present study, serum adiponectin levels still increased with 6 mo of CR, as seen in short-term CR (Table 1) . However, the expression levels of phosphorylated AMPK or phosphorylated ACC did not increase after 6 mo of CR, suggesting that AMPK or ACC were not activated in CR hearts (Fig. 2) . This is not inconsistent with the literature because it is still controversial whether the activation of AMPK contributes to the various effects of life-long CR (22) . Alterations in cardiac AMPK activity are reportedly associated with cardiac hypertrophy, cardiomyopathy, and Wolf-Parkinson-White syndrome (4, 19) , but CR does not induce any pathological cardiac phenotype. Our results suggest that different mechanisms are involved in the cardioprotection afforded by prolonged versus short-term CR. However, we cannot exclude the possibility that the transient activation of AMPK-associated signaling is necessary for the induction of a cardioprotected phenotype during life-long CR. To clarify this issue, pharmacological inhibition of AMPK activity or genetic modification by gene transfer with dominant negative AMPK will be necessary.
Possible involvement of Sirt1 in CR-induced cardioprotection. The Sirt2 family and sirtuins have been shown to play an important role in various aspects of CR (16, 34, 49) . Cohen et al. (18) demonstrated that Sirt1 protein levels are increased in various tissues of rats subjected to CR, including the brain, visceral fat pads, kidney, and liver.
Boily et al. (10) demonstrated that CR did not extend lifespan in Sirt1-null mice. Chen et al. (17) demonstrated that the favorable effect of CR on physical activity is Sirt1 dependent. However, evidence that Sirt1 plays a role in CR-induced cardioprotection is lacking.
Alcendor et al. (6) demonstrated that overexpression of Sirt1 prevents apoptosis induced by serum starvation in cardiac myocytes. Furthermore, they recently reported that low to moderate overexpression of Sirt1 protects the heart from the oxidative stress induced by paraquat (5) . In view of the above evidence, it is plausible that CR upregulates Sirt1 protein in the myocardium and confers cardioprotection in a Sirt1-dependent manner. Unexpectedly, we found that myocardial levels of total Sirt1 protein did not change with CR (Fig. 3, A and B) . However, CR significantly increased Sirt1 in the nuclear fraction (Fig. 3, C and D) . Tanno et al. (47) demonstrated that nuclear shuttling of Sirt1 enhances the deacetylation of histone H3 in C2C12 cells and suppressed apoptosis of C2C12 cells induced by oxidative stress. Although we could not measure its enzymatic activity directly, we found that the increase in Sirt1 in the nuclear fraction was associated with a decrease in acetyl-histone H3 (at Lys 9 and Lys 14 ; Fig. 4, A and B) . Sirt1 is known to deacetylate histone H3 (at Lys 9 and Lys 14 ) and H4 (at Lys 16 ) (47). Accordingly, our findings strongly suggest that the activated form of Sirt1 increases in CR-treated hearts. With regard to apoptosis, the finding that the release of cytochrome c into the cytosol and activation of caspase-3 were attenuated in CR hearts (Fig. 4, C-E) suggests that apoptotic cell death is reduced by prolonged CR (12) . The activation of Sirt1 exerts cytoprotective effects mainly by preventing apoptotic cell death, but the involvement of caspase-independent forms of cell death in the salubrious actions of Sirt1 has not been excluded (6) . In conclusion, it is plausible that the cardioprotective effects of prolonged CR involve Sirt1. Future studies in which the rate of apoptotic cell death is measured directly and L-NAME(Ϫ) and L-NAME(ϩ) groups indicate animals not treated or treated with L-NAME, respectively. Data are means Ϯ SE. *P Ͻ 0.05 vs. the corresponding AL group; #P Ͻ 0.05 vs. the corresponding L-NAME(Ϫ) group. the increase in nuclear Sirt1 content is inhibited will be necessary to clarify this issue.
The increase in nuclear Sirt1 content is NO dependent and essential for CR-induced cardioprotection. In C2C12 cells, the subcellular localization of Sirt1 is regulated by at least two nuclear localization signals and two nuclear export signals (47) . In addition, Tanno et al. (47) demonstrated that the nuclear shuttling of Sirt1 is inhibited by the administration of a phosphatidylinositol 3-kinase (PI3K) inhibitor, suggesting that it requires Akt signaling. We were unable to test this concept because a single administration of a PI3K inhibitor in our in vivo chronic CR model would not achieve sustained effects. Instead, we evaluated the effects of chronic inhibition of NOS by giving CR rats L-NAME in drinking water for 4 wk. Since mounting evidence has indicated that Sirt1 directly activates endothelial NOS (eNOS) and induces eNOS protein in endothelial cells (33, 36) , we expected to find that NOS is located downstream of the activation of Sirt1 and that Sirt1-regulated NOS activity contributes, at least in part, to Sirt1-mediated cardioprotection. Contrary to our expectations, the chronic inhibition of NOS completely abrogated not only CR-induced cardioprotection but also the increase in nuclear Sirt1 content (Table 2 and Fig. 5 ), which suggests that NOS is located upstream, not downstream, of Sirt1 activation. Our results are consistent with those of a previous report by Nisoli et al. (35) . They demonstrated that NO donors upregulate the Sirt1 promoter in white adipocytes and that the induction of Sirt1 by CR is reduced in white adipocytes obtained from an eNOS knockout mouse. NOS may play a dual role (trigger and mediator) in the development of CR-induced cardioprotection, as it does in the development of late preconditioning (11) . Since L-NAME is a nonselective NOS inhibitor, it is still unknown which isoform of NOS is the most important for this phenomenon. Because the chronic inhibition of NOS significantly elevated systolic blood pressure (Fig. 5A) , it is difficult to completely exclude the influence of hemodynamic changes on the subcellular localization of Sirt1 and the loss of CRinduced cardioprotection. However, it seems unlikely that the hemodynamic change caused by L-NAME was the primary cause of either phenomenon. The dosage of L-NAME that we used in the present study was relatively low, such that the increase in systolic blood pressure was mild compared with previous studies (29, 37) of myocardial ischemia. Moreover, elevated blood pressure associated with chronic NOS inhibition did not exacerbate myocardial ischemia-reperfusion injury and affect Sirt1 in the nuclear fraction in the AL ϩ L-NAME group (Fig. 5, B-D) . Further investigations will be necessary to clarify the mechanism by which NOS modulates Sirt1.
Clinical implications and conclusions. This study demonstrates that prolonged CR improves myocardial ischemic tolerance and restores the development of IPC in middle-aged animals. In addition, this study indicates, for the first time, a possible involvement of Sirt1 in CR-induced cardioprotection. The concept that dietary changes are effective in rescuing the myocardium from ischemic damage in middle-aged animals provides a rationale for the clinical application of CR to humans since coronary heart disease develops commonly in middle age. Clearly, the development of CR mimetics that can replicate the cytoprotective effects of CR would be much easier to incorporate into clinical practice than a strict CR protocol.
Our study offers further insights into the usefulness of sirtuinactivating compounds as a novel therapeutic approach for treating patients with coronary heart disease.
